Introduction
Basins on the margins of orogens and plateaus provide records of deformation and erosion of the surrounding ranges, e.g., Heermance et al. [2007 Heermance et al. [ , 2008 , Talling et al. [1995] , Jordan et al. [1988] , Paola et al. [1992] , and others. Exhumation in the hinterland or local motion on a thrust fault may be recorded as rotated unconformities, growth strata, and changes in sediment provenance, sediment-accumulation rate, and/or depositional environments within basin sediments [Riba, 1976; Jordan et al., 1988; Burbank and Raynolds, 1988; Talling et al., 1995] . In particular, piggyback basins located in the hanging walls of active structures [Ori and Friend, 1986; DeCelles and Giles, 1996] have the potential to provide a detailed record of local structural and stratigraphic evolution on nearby faults [Suppe et al., 1997; Hubert-Ferrari et al., 2007; Charreau et al., 2008] . High-resolution dating of the basin fill, detailed documentation of stratigraphic facies, and paleocurrent and provenance changes within a piggyback basin can quantify the growth of an orogen [e.g., Heermance et al., 2007; Lease et al., 2011] .
On the northeastern margin of the Pamir orogen in NW China (Figures 1 and 2 ), the Pamir Frontal Thrust (PFT) and the Takegai Thrust (TT) represent the active deformation boundary Li et al., 2012; Sobel et al., 2013] . To date, little is known about the timing of Cenozoic deformation along these major fault systems [Sobel and Dumitru, 1997; Sobel et al., 2011 Sobel et al., , 2013 . Here we date the onset of thrusting along the PFT and TT faults by exploiting the structure and stratigraphy in the Bieertuokuoyi piggyback basin located in the hanging wall of the Pamir Frontal Thrust. Integrating field observations and stratigraphic changes in conjunction with magnetostratigraphy and cosmogenic burial dating within the piggyback basin, we date the formation and deposition of growth strata that are directly linked to both the Takegai Thrust and the Pamir Frontal Thrust faults. Our results provide new insights into the Neogene tectonic evolution of the Pamir-Tian Shan region and the timing of outward growth of the Pamir orogen.
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The Pamir salient is the northwestern continuation of the Tibetan Plateau ( Figure 1a ) and formed as a result of the Indo-Eurasian collision [Burtman and Molnar, 1993] . Peaks exceeding 7000 m punctuate the edge of the Pamir around a high-elevation, low-relief interior. The topography at the edge of the plateau drops several thousand meters to the north into a foreland basin that lies at the western edge of the Tarim Basin between the Pamir and the Tian Shan Mountains to the north. During the Cenozoic, the northern Pamir has indented northward~300 km relative to stable Eurasia as the Eurasian crust subducted southward beneath the Pamir [Burtman and Molnar, 1993] . Synchronously with indentation, Figure 1c . Chronologic data consists of low-temperature thermochronology from Sobel et al. [2013, and references therein] , Cao et al. [2013b] , Thiede et al. [2013] , and Sobel and Dumitru [1997] , and cosmogenic burial ages from Thompson [2013] . Ar/ 39 Ar muscovite, ZFT-zircon fission track, ZHe-zircon (U-Th)/helium, AFT-apatite fission track, and burial CRN-cosmogenic radionuclide burial age. (c) Modified balanced cross section (A-A′) [Chen et al., 2010; Li et al., 2012] based on a seismic line crossing the MPT, modern-day piggyback basin, and PFT. Legend for unit colors in Figure 1a . DKF-Darvas-Karakul Fault, KYTS-Kashgar-Yecheng Transfer System, MPT -Main Pamir Thrust, PFT-Pamir Frontal Thrust, and STST-South Tian Shan Thrust. nearly 300 km of crustal shortening and significant crustal thickening occurred along a series of sinistral and dextral strike-slip faults on the eastern and western margins, respectively, along with thrusting on the northern margin ( Figure 1a ) [Burtman and Molnar, 1993; Sobel et al., 2011] where several thrust faults, including the Main Pamir Thrust (MPT) and the Pamir Frontal Thrust (PFT), facilitate the outward Table 2 ). For paleocurrents, black fill indicates unidirectional flow indicators, and grey fill indicates bidirectional flow indicators and are additive. Average and 1σ errors on paleocurrent direction are listed adjacent to the rose diagram and were calculated using unidirectional paleocurrent data only. Black triangles next to section mark locations on clast counts and paleocurrent measurements. Black stars note location of cosmogenic burial samples within the section. growth of the orogen (Figure 1b ) [Chen et al., 1997 Sobel and Dumitru, 1997; Li et al., 2012; Sobel et al., 2013] .
The Pamir Plateau is an amalgamation of terranes that are the along-strike equivalents of Himalayan and Tibetan plateau tectonic terranes, accreted to the southern front of Eurasia during the Mesozoic and Paleozoic [Burtman and Molnar, 1993; Robinson et al., 2004; Schwab et al., 2004] . By~50 Ma, the Pamir Plateau had substantially thickened crust [Ducea et al., 2003; Hacker et al., 2005] as a result of the Indo-Eurasian collision.
Low-temperature thermochronology from the interior and margins of the Pamir Plateau suggest exhumation and shortening initiated in the middle to late Paleogene and continues to the present (Figure 1b ) [Sobel and Dumitru, 1997; Yin et al., 2002; Amidon and Hynek, 2010; Thiede et al., 2013; Cao et al., 2013b] . Along the northern margin of the Pamir, in the Alai valley (Figure 1a ), shortening began during the Oligo-Miocene and continues to the present [Strecker et al., 1995; Coutand et al., 2002] . Farther west, where the Pamir and Tian Shan are already juxtaposed, the collision began as late as the Mio-Pliocene [Pavlis et al., 1997] .
During the Miocene to present, deformation along the northeastern margin of the Pamir has been concentrated on thrust faults, including the Main Pamir, Kenenbieerte, Takegai, and the Pamir Frontal thrusts, that bound the plateau and the foreland basin (Figures 1b and 1c ) [Sobel and Dumitru, 1997; Sobel et al., 2011; Li et al., 2012] . Based on detrital low-temperature thermochronology near the town of Oytag (Figure 1b) , the Main Pamir Thrust (MPT) initiated 25-18 Ma [Sobel and Dumitru, 1997; Bershaw et al., 2012] . Similarly, stratigraphic and detrital zircon provenance changes near the MPT suggest that exhumation on the MPT was underway by the early or middle Miocene (Figure 1b) [Bershaw et al., 2012] . Notably, the slip rate is inferred to have slowed during the late Miocene or Pliocene [Sobel and Dumitru, 1997; Sobel et al., 2011] . Sparse seismic activity and low-convergence rates from geodetic studies indicate a low modern slip rate (<1 mm/a) on the MPT on the northeastern Pamir margin [Yang et al., 2008; Zubovich et al., 2010; Li et al., 2012; Ischuk et al., 2013] . Minimum average shortening rates since the Miocene along the bounding fault of the Trans Alai Range, the westward continuation of the MPT (Figure 1a) , are 0.7-0.8 mm/a [Coutand et al., 2002] , whereas Holocene slip rate averages are as high as~6 mm/a [Arrowsmith and Strecker, 1999] . The Pamir Frontal Thrust (PFT), spatially separated from the MPT by~30 km, is the northernmost structure of the Pamir. The PFT accommodates nearly all of the late Quaternary deformation along the northeast margin of the Pamir, with average shortening rates of 6-8 mm/a since~0.35 Ma [Li et al., 2012] .
The Bieertuokuoyi piggyback basin is located~75 km west of Kashgar, within the Cenozoic foreland basin between the Pamir and Tian Shan ranges (Figures 1b and 2) . The foreland basin contains up to 9 km of Cenozoic strata (Table S1 ) [Jia et al., 2004; Heermance et al., 2007] , of which the Bieertuokuoyi piggyback basin comprises the uppermost 3 km.
Stratigraphy of the Bieertuokuoyi Piggyback Basin
To the northwest of the town of Bieertuokuoyi, we described~3000 m of Neogene sedimentary rocks in the Bieertuokuoyi basin and measured 1600 m in detail in conjunction with the magnetostratigraphic sampling (Figures 2 and 3 ). This piggyback basin lies between the major faults of the region: the Main Pamir Thrust and the Pamir Frontal Thrust. The basin itself is interpreted to record the uplift of ranges associated with these faults (Figures 1 and 2) .
The Wuqia Group
Directly underlying the base of the piggyback succession (Figures 1c  and 2 and Table S1 in the supporting information), the Wuqia Group is over 3000 m thick and consists of interbedded grey-green to light blue, medium-to-coarse sandstones and red-brown mudstones and siltstones. Sandstone beds are 20 cm to 1 m thick, with erosional lower contacts, rare rip-up clasts of the underlying siltstone/mudstone, and abundant epsilon cross bedding. Siltstone and mudstone beds are 5 to 20 cm thick with bioturbation and trace fossils, whereas groups of these beds can be over 5 m thick. The Wuqia Group is interpreted to have been deposited in a low-energy meandering stream environment in which migrating sandstone channels cut into a mudstone/siltstonedominated floodplain [Miall, 1996] . In the western Tarim Basin, the Wuqia Group spans the Miocene, based on magnetostratigraphy and biostratigraphy (Table S1 ) [Chen et al., 2002; Yin et al., 2002; Jia et al., 2004; Heermance et al., 2007] . At the top of the Wuqia Group, an angular unconformity marks the base of the Bieertuokuoyi piggyback basin.
The Bieertuokuoyi Piggyback Basin Section
We divided the Bieertuokuoyi section itself into four lithofacies units, based on lithology, sedimentary structures, and interpreted depositional environment. The lithofacies that define the basin's overall stratigraphy are interpreted to represent deposition from alluvial fans to distal, sandy braided rivers (Tables 1 and 2 ). Facies A (0-45 m, Figures 3 and S1a and Table 2 ) is a poorly sorted, clast-supported, cobble-boulder conglomerate with a medium-to-coarse reddish sand matrix. Facies A unconformably overlies the Wuqia Group, with relief of up to 50 m in paleovalleys along its basal contact. This lithofacies is similar to the proximal deposits of the Xiyu conglomerate found in other regions of the NW Tarim Basin, as described by Heermance et al. [2007 Heermance et al. [ , 2008 . The subangular to subrounded clasts are up to 3 m in diameter. Clasts comprise red, green, and pink sandstones and siltstones that are similar in appearance to and likely derived from the underlying Wuqia Group. Conglomerate beds are massive, 2-10 m thick, clast-supported, lenticular and discontinuous, and they uncommonly have erosive lower boundaries (Gm, Table 1 ). The thickness of this facies varies considerably along strike: it pinches out completely to the west and thickens eastward. The presence of large, subangular, monolithologic clasts and the lack of clast imbrication, sedimentary structures, or obvious channelization suggest facies A represents deposits of proximal (Table 2 ) McPherson, 1992, 1994] We interpret the pebble-boulder conglomerate to have been deposited in a braided fluvial environment with a very minor accumulation of channel-fill sands (Table 2 ) [Miall, 1996; Jones et al., 2001; Limarino et al., 2001; Nichols and Fisher, 2007] . Channel-fill sandstones (Sh, Table 1 ) are interpreted to have been deposited during waning stream flow, filling scours in gravel bars [Uba et al., 2005] . These channelized conglomerates with common basal scours are likely somewhat distal from their source area, given the size, rounding, and sorting of the clasts . Paleocurrent directions are west to east in the lower 400 m of the facies B and south to north in the upper 400 m of facies B (Figure 3) . We suggest the paleocurrent change and the gradual increase of limestone, granitic, and metamorphic clasts in the upper section record uplift of source areas [Burtman and Molnar, 1993; Schwab et al., 2004; Robinson et al., 2004] in the Pamirs to the south.
Facies B transitions gradually into facies C (1090-1250 m, Figures 3 and S1c), which has a higher percentage of sandstones and siltstones and fewer conglomerate beds than facies B. Facies C is an interbedded sequence of reddish-brown, clast-supported, pebble to boulder conglomerates (Gci , Table 1 ), red-brown, fine-to coarse-grained sandstone beds, and buff, 5 to 10 cm thick siltstone beds (Sh, St, and Sp, Tables 1 and 2 ). In facies C, conglomerate beds are 3-20 m thick, and although individual bedding thickness changes along strike, groups of stacked beds can be traced laterally for kilometers. Clasts are commonly 2-20 cm in diameter and are subrounded to rounded within a poorly sorted sand and silt matrix. Clast compositions include a higher percentage of limestone clasts and fewer sandstone or metamorphic clasts compared to facies B. Clast imbrication and channel cut-and-fill structures are common. Beds typically have sharp erosive bases with 20 cm to 1 m of local incision into underlying siltstone and sandstone beds with rare rip-up clasts along the contact. The siltstone and fine sandstone beds are 2-10 cm thick and lenticular in shape with sharp contacts. Ripples and both planar and trough cross stratification are common (Sh, St, Sp, Sr, and Fl, Table 1 ). Bioturbation is present near the tops of siltstone beds (Fb, Table 1 ).
We interpret this environment as a transition to a distal braided river, with finer-grained deposits that may be overbank or bar deposits (Table 2) [Miall, 1985; Collinson, 1996] . Laminated silt beds (Fl and Fb, Table 1) were deposited from suspension on the fluvial floodplains during waning flow conditions [Miall, 1996; Jones et al., 2001] . Paleocurrent directions indicate a south-to-north transport direction ( Figure 3) . The transition to an increasing percentage of finer-grained beds may indicate either a relative quiescence of uplift within the source area, creating a more distal braided river facies or ponding behind a growing structure.
Facies D (1250-2620 m, Figures 3 and S1d) is dominated by grey-yellow and red-brown siltstones with uncommon (10-15%) fine to coarse sandstones with beds 5 to 10 cm thick. The presence of abundant siltstone beds and lack of conglomerate beds distinguishes facies D from facies C. Fine-grained sandstone beds are commonly tabular with planar contacts, and most have planar cross stratification or horizontal laminations 1-2 mm thick (Sp and Sh, Table 1 ). Burrows and additional forms of bioturbation are commonly present near the tops of fine-grained sandstone and siltstone beds (Fb, Table 1 ). The siltstones and fine sandstones are interbedded with 0.3 to 1 m thick coarse-grained sandstone and pebble conglomerate beds and are lenticular on scales of tens to hundreds of meters. Most coarse-grained sandstone beds have an erosive base with up to 30 cm of relief and commonly display rip-up clasts and cross beds along the contact. The pebble conglomerates are matrix supported with subrounded to rounded pebbles within a medium-to coarse-grained sand matrix (Sm, Table 1 ). The coarse sandstone and pebble conglomerate beds commonly fine upward into fine-grained sandstone over intervals of 1-5 m. The fine sandstones near the tops of these beds commonly have ripples or planar cross stratification (Sr and Sp, Table 1 ). We interpret this facies as a distal braid plain (Table 2) [Miall, 1977; Vos and Tankard, 1981; Miall, 1985; Zheng et al., 2000] at the basinward end of an alluvial fan. A lack of channels and tabular, fine-grained units provide evidence for sheet flow, whereas sandstone and pebble conglomerates may represent deposits from infrequent, higher-discharge events [Miall, 1977] .
In summary, the piggyback basin section is interpreted to comprise two different fluvial depositional environments. Facies A, similar to proximal Xiyu deposits in other parts of the Tian Shan foreland , is interpreted as proximal alluvial fan deposits. Facies B-D are interpreted to represent proximal and distal braided fluvial deposits. Facies B, analogous to the typical Xiyu Formation within the western Tarim Basin [Chen et al., 2002; Heermance et al., 2007 Heermance et al., , 2008 Charreau et al., 2009] was deposited by gravelly braided rivers. Facies C is a more distal facies of a braided river deposit with increasing fines that transition into Facies D, a distal braid plain. The changes in dominant paleocurrent direction (from west to east to south to north) and in clast composition (from sandstone to limestone) (Figure 3 ), within the lower 1200 m of the section, are interpreted as a response to the initiation of uplift and erosion of a carbonate-bearing source area in the Pamir to the south. A gradual fining upward sequence through the lower half of the basin, from a cobble-dominated conglomerate (Facies B) to thick series of interbedded siltstone and sandstone beds (Facies D), may be a response to sedimentary ponding behind the growing topography above the Pamir Frontal Thrust to the north. The thin stratigraphic successions and the unconformity at the base of the section are consistent with sedimentation in a piggyback basin setting [e.g. Ori and Friend, 1986] .
Field Mapping Observations and Interpretations
Main Pamir Thrust
The MPT (Figures 1c and 2 ) places Paleozoic metasediments over Mesozoic sedimentary rocks. Where observed in the field near the town of Oytag (Figure 1b) , the MPT is not a discrete fault surface; rather, it is a~200 m tõ 1 km thick zone of fractured and brecciated rocks with abundant quartz veins. The fault zone as a whole appears to dip steeply to the south, although individual fractures and quartz veins dip to the north. We observed growth strata at two locations near the MPT: one set at a syncline related to a smaller fault in front of the MPT, and another set within a Pleistocene (?) alluvial fan overlying Neogene sediments in the footwall of the MPT. We did not observe any offset of late Pleistocene or Holocene geomorphic surfaces, suggesting the fault has not ruptured the surface since the late Pleistocene.
Takegai and Kenenbieerte Thrusts
The Takegai Thrust (TT) and Kenenbieerte Thrust (KT) fault zone is located~15 km to the north of the Main Pamir Thrust and 20 km to the south of the Pamir Frontal Thrust at the southern end of the Bieertuokuoyi piggyback basin (Figure 2 ) and is at least 5 km wide. The fault zone has three larger individual faults (Takegai Thrust and the Kenenbieerte Thrust (a and b), Figure 2 ) and numerous smaller faults that we observed but did not map in detail. In the hanging wall of the northernmost Takegai Thrust (Figures 2 and 4a) , the Miocene Wuqia Group (Table S1 ) is highly deformed into a series of small-scale folds and faults with no dominant vergence. Separated by an angular unconformity, the Xiyu Formation (N x2 ) overlies the Wuqia Group, does not exhibit such mesoscale deformation (Figures 4b and 4e ) and, therefore, postdates the earlier deformational episode. This earlier deformational episode is probably not a result of movement on the Takegai Thrust but instead may have been caused by the Kenenbieerte Thrust or unknown smaller faults to the south of the Takegai Thrust. The Xiyu Formation is also present in the footwall of the Takegai Thrust. The bedding is nearly vertical and in some locations, overturned and dipping to the south. Where we observed the fault at the Bieertuokuoyi water gap, the Wuqia Group and Xiyu Formation are thrust directly over vertically dipping Xiyu on an E-W striking fault that dips~30°to the south (Figure 4b ). The Xiyu Formation (N x2 ) in the hanging wall drapes over the tip of the fault, creating growth strata into the footwall of the thrust (Figure 4c ). These observations indicate that the TT underlying the fold ruptured the surface during Xiyu deposition, yet deposition of the Xiyu Formation occurred both during and after movement on the TT.
Along a valley~5 km south of the Takegai Thrust, a faulted anticline places the Eo-Oligocene Bashibulake Formation (Table S1 ) over the Wuqia Group (Figure 2 ) along the KTb. Given that the Paleocene is missing from the section south of the Bieertuokuoyi River yet is present within this section along strike, another fault may be present placing Cretaceous sandstones over the Eo-Oligocene rocks. A series of E-W trending, faulted anticlines and synclines within the Cretaceous and Eo-Oligocene formations crop out south of the Bieertuokuoyi River (Figure 2 ), but, due to access restrictions, this area was only mapped at a reconnaissance scale, and our interpretations should be considered preliminary.
Approximately 20 km east of the Bieertuokuoyi River (Figure 2) , strands of the KTa appear as a series of imbricate thrust faults with a spacing of <2 km. Although a cover of Quaternary sediments prevents a detailed analysis of these structures,~30°south dipping faults place folded rocks of the Eo-Oligocene Bashibulake Formation over the Xiyu Formation.
Pamir Frontal Thrust
Near the Bieertuokuoyi River, the PFT dips approximately 75°to the south and places Paleogene gypsum and marine sediments over Quaternary fluvial gravels (Figure 2 ). Recent exposure of the fault reveals slickenlines with a rake of 34°to the northwest [Li et al., 2012] . Within the Paleogene formations, numerous faults and folds were mapped using aerial imagery, Google Earth, and reconnaissance field mapping. Farther east, the PFT thrusts Paleogene formations over Xiyu Formation conglomerates along a subhorizontal fault plane [Li et al., 2012] .
We observed growth strata within the Xiyu conglomerate at two sites within the Bieertuokuoyi piggyback basin (Figures 3, 4c , 4d, 4f, and 4g). As previously mentioned, at the base of the Bieertuokuoyi Basin, an erosional unconformity separates the underlying Wuqia Group and the overlying Xiyu Formation (N x1 ) (Figures 3 and 4d) . Growth strata occur within the lower Xiyu Formation~500 m of section above the basal unconformity, as evidenced by minor angular unconformities, wedge-shaped beds, and fanning dips (Figures 4d and 4g ). At the top of the piggyback basin section, the second set of Xiyu growth strata can be traced from exposures in the center of the basin southward to where they overlie the TT (Figure 4c ). We collected two to four specimens at 83 sites for paleomagnetic analysis through a 1.6 km thick, measured section of interbedded fluvial siltstone, sandstone, and conglomerate in the Bieertuokuoyi piggyback basin. Average sample spacing was~20 m but varied from 1 to 50 m. Detailed methods and results of the magnetostratigraphic analysis can be found in the supporting information. Alternating field and thermal demagnetization procedures clearly resolved a low-coercivity, low-temperature component (LTC), and a high-temperature component (HTC) (Figures 5a-5d ). The HTC was determined to be the characteristic Figure 6 . Correlation of our section to the geomagnetic polarity time scale (GPTS) [Lourens et al., 2005] . MPS-Magnetic polarity stratigraphy. VGP latitudes <30°are shown in gray and were not included in determining magnetozones. Stars mark location of cosmogenic burial samples within the stratigraphic and magnetostratigraphic sections, and the circled g marks the stratigraphic locations of growth strata. Black solid lines and dashed grey lines are the 1σ and 2σ errors on the burial samples, respectively. Stratigraphic height refers to the measured height within the section, with heights in parentheses representing height within the sampled magnetostratigraphic section. remanent magnetization (ChRM), carried by magnetite and hematite (Figures 5e and 5f), and was used to determine the virtual geomagnetic pole (VGP) latitudes. As in nearly all Neogene sediments in the western Tarim Basin, magnetite and hematite are the dominant magnetic carriers [Chen et al., 2002 Heermance et al., 2007] .
We used the reversal test to determine if the ChRM had been isolated ( Figure S2 ). The section passes the reversal test with a C quality [McFadden and McElhinny, 1990] . A low-quality reversal test can be caused by an unremoved overprint [McElhinny, 1964; Charreau et al., 2005] that can steepen or flatten the normal polarity directions with respect to the reversed polarity directions. Such an overprint has been observed in nearby Mio-Pliocene magnetostratigraphic studies [i.e., Chen et al., 2002; Heermance et al., 2007] .
We also performed a fold test to determine if the ChRM was acquired during deposition and prior to deformation [McFadden and Jones, 1981] . Although the entire magnetostratigraphic section fails a fold test due to the presence of a relatively uniform dip, a subset of 15 high-quality specimens spanning the complete range of dips passes the fold test, suggesting maximum unfolding around 100% (see supporting information Figure S3 ) [McFadden and Reid, 1982; Watson and Enkin, 1993; Enkin and Watson, 1996] .
Given that the section passes the reversal and fold tests and that all normal and reversed polarity directions are qualitatively antipodal, we accept the polarity determinations for the magnetostratigraphic section.
Uncertainties in the Correlation to the Geomagnetic Polarity Timescale
Based on the VGP latitudes, a magnetic polarity stratigraphy for our section ( Figure 6 ) contains three normal magnetozones and four reversed magnetozones, with each magnetozone defined by at least two sites with the same polarity and a VGP latitude >30°. The brevity of the section and low number of reversals precludes unambiguous correlation to the geomagnetic polarity timescale (GPTS) without additional tie points. Therefore, we use two additional constraints to help pin our section to the GPTS.
(1) We previously collected a nearby, unpublished 8 km thick magnetostratigraphic section through the Bieertuokuoyi water gap (see Figure 2 for location), spanning the base of the Tertiary through part of the Neogene. The top of this unpublished section lies stratigraphically below the rocks in the piggyback basin and is correlated to around 10 Ma, thus providing an older limit on the age of our section. (2) The top of our section is a reversed magnetozone; and thus, the section must be older than the Brunhes-Matayuma boundary at 0.78 Ma [Lourens et al., 2005] . Despite these first two constraints, the section can be correlated to numerous intervals within the remaining span of 1-9 Ma. To help provide further control, a statistical assessment (83 sites, 7 reversals discovered; see supporting information) suggests our section should span 1.7 ± 0.6 Myr [Johnson and McGee, 1983] yet still leaves a number of possible correlations.
Burial Ages
To provide independent age control, we collected two 26 Al/ 10 Be cosmogenic radionuclide burial samples [Granger and Muzikar, 2001 ] from deeply shielded sites containing coarse sand lenses within the Xiyu Formation conglomerates above and below the magnetostratigraphic section. Cosmogenic radionuclide burial dating, which relies on the decay of multiple in situ cosmogenic radionuclides, is emerging as a way to date sediments that range in age from 0.3 to 6 Ma [e.g., Granger et al., 1997; Wolkowinsky and Granger, 2004; Balco and Rovey, 2010; Craddock et al., 2010; Vermeesch et al., 2010; Kong et al., 2011] . The isotopes are produced in quartz as rocks exhume and erode on the hill slopes. Assuming relatively fast exhumation, transport, and burial, the ratio of 26 Al/ 10 Be at the time of burial is similar to the ratio of their production rates, and any measurable change in that ratio can be interpreted as the time elapsed since burial. Ideally, the sediment to be dated underwent a simple exposure history: it was eroded from a source area where it had accumulated a concentration of 10 Be and 26 Al in quartz as it was exhumed on the hill slopes; it was transported almost instantaneously (relative to the burial time), deposited, then rapidly buried to a sufficient depth (>30 m) where postburial production effectively stops, and was exhumed shortly before sampling. Unfortunately, a simple transport, burial, and exhumation history, and the assumption that the sample has remained well shielded since its final deposition, are commonly difficult to prove. Both postburial production and a prolonged transport history can have a significant effect on burial ages by increasing the concentration (and hence ratio) of 10 Be and 26 Al and thus creating apparent younger ages.
At the top of the section, we sampled (PBB-2) a cave~1 m tall and~2 m deep within a broader opening~46 m high and~14 m deep along tall cliffs of Xiyu Formation (N x2 ). The cliff face itself is >100 m thick. Large blocks Burial samples were processed using standard University of California Santa Barbara lab protocols (http://www.geog.ucsb. edu/~bodo/pdf/bookhagen_chemSeparation_UCSB.pdf). The purity of quartz was verified by inductively coupled plasma mass spectrometry measurements of Al, which yielded concentrations of <30 mg in all samples. 10 Be and 26 Al measurements were made at Lawrence Livermore National Laboratory using the 07KNSTD standard [Nishiizumi et al., 2007] .
We calculated the burial ages following the constant depth case in Al, respectively [Chmeleff et al., 2010; Norris et al., 1983] . Our calculations and hence burial ages rely on four simplifying assumptions:
1. We assumed a rock density of 2.6 g/cm 3 in all calculations.
2. The production rates are scaled to sea level, high-latitude values using the present-day latitude and elevation of the samples. Because the quartz was eroded from a different location than it was deposited (and probably from a higher elevation, given the proximity to two mountain ranges), this assumption introduces some uncertainties into our calculations. For any given erosion rate, a higher average elevation for the source area catchment will yield a higher incoming preburial concentration of the isotopes, due to altitude/elevation scaling of production rates [Lal, 1991] . Importantly, it is the initial ratio of 26 Al and
10
Be in the samples that matter more than the independent production rates of 26 Al and 10 Be. 3. All uncertainties in the reported burial age reflect only the analytical uncertainties from the accelerator mass spectrometry (AMS) on the concentrations of 10 Be and 26 Al, and we do not propagate uncertainties in the production rates and mean lives. Nonetheless, production rates may have errors up to 10% [Balco et al., 2008] . In our study, the uncertainties in the production rates and mean lives are small compared to the analytical uncertainties, and therefore, we contend it is reasonable to ignore them. 4. We assume an initial 26 Al/ 10 Be ratio of~6:1. Although a complicated transport history may modify this initial ratio, such a history is undocumented here, such that we assume that because of the piggyback basin's proximity to high relief, storage and reworking of the sediments was minimal. Future work, such as sampling of modern river sediments to check the initial 26 
Al/ 10
Be ratio, will be required to test this assumption. Be ratios were corrected using a 10 Be laboratory blank (n = 2) of 9.15 × 10
À15
for sample PBB-2 and 9.73 × 10
for sample PBB-1. Isotope ratios were normalized to 26 Al standards prepared by Nishiizumi et al. [2007] and a 26 Al half-life of 0.7 × 10 6 years.
e26 Al/ 27 Al ratios were corrected using a laboratory blank (n = 2) of 4.09 × 10
. f27 Al measurements were made using an inductively coupled plasma atomic emission spectrometry. ©2015. American Geophysical Union. All Rights Reserved.
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The burial age for the Xiyu conglomerate (N x1 ) near the base of the piggyback basin is 3.1 +0.5 / À1.8 (1σ) Ma (Figures 6 and S4 and Table 3 ). The Xiyu conglomerates (N x2 ) at the top of the basin date to 1.7 +0.1 / À1.7 (1σ) Ma (Figures 6 and S4 and Table 3 ). Reported errors are 1σ, but 2σ errors are also used to support our correlation ( Figure 6 and Table 3 ). Importantly, all ages assume postburial and synburial production are negligible. Below, we briefly discuss the uncertainties in our ages due to possible postburial and synburial production.
The sample sites appear to have been well shielded since deposition and only recently exposed due to ongoing uplift and incision of the basin. However, the exact timing of collapse of the cliff face that currently shields sample PBB-2 at the top of the section is unknown. Although we assume that recent exposure due to large-scale collapse of the cliff face happened very recently (past few thousand years), the shielding could have been reduced much earlier, causing significant postdepositional production. For example, if the shielding was reduced~15 ka, the burial age would increase by 5% tõ 2.2 Ma [Thompson, 2013] . If the shielding was reduced~100 ka, the burial age would bẽ 3.3 Ma, an almost 60% increase in age [Thompson, 2013] . However, because we currently do not have any additional constraints on when shielding was reduced, we prefer the age reported above of~1.7 Ma and acknowledge that this is a minimum age. We assume the lower sample, PBB-1, likely has negligible postburial production because of its location within a slot canyon within a thick section of Xiyu Formation.
Synburial production during initial sediment deposition may also perturb the burial ages. In the western Tarim Basin, sediment-accumulation rates of the Xiyu conglomerate are fast enough (400-1100 m/Myr) [Chen et al., 2002; Heermance et al., 2007; Li et al., 2012] (this study) that any correction for syndepositional production during accumulation of the Xiyu is dwarfed by the uncertainty in the burial age [Craddock et al., 2010; Thompson, 2013] . Hence, we do not account for synburial production in our burial ages. However, we acknowledge that our ages represent apparent minimum ages, as any production of 10 Be and 26 Al during deposition would lead to an apparent younger burial age due to higher concentrations and, hence, a higher 26 
Al/ 10
Be ratio.
Despite large errors that are likely due to sample impurities resulting in low currents on the AMS measurements and high stable 27 Al concentrations, our two burial samples are in stratigraphic order, only overlap by~0.6 Myr (using 1 sigma errors), and provide two additional constraints with which to pin our magnetostratigraphic section.
Correlation to the GPTS
We correlate the magnetostratigraphic section to~1.5 to~3.6 Ma (Figure 6 ), spanning~1.9 Myr. This correlation matches the expected time span of 1.7 ± 0.6 Myr [Johnson and McGee, 1983] . The base of the magnetostratigraphic section, at~3.6 Ma, lies at the 1 sigma boundary for lower sample PBB-1. Expanding to the 2σ error (3.1 +3.5 / À2.0 Myr for PBB-1, 1.7 +2.0 / À1.7 Myr for PBB-2, Figure 6 ) permits our preferred correlation.
The burial age for sample PBB-1 at the base of the section is younger than predicted by our correlation and may be due to incorrect assumptions about the sediment transport and burial history or postburial production. A more complicated or slower burial history or significant amount of postburial production during Quaternary exhumation would create an apparent younger age, thereby implying that the actual depositional age of the sediment may be older. Thus, we conclude our preferred correlation to the GPTS is plausible, despite only encompassing the predicted age of the base of the section by expanding to the 2σ error.
Our preferred magnetostratigraphic correlation to the GPTS (Figure 6 ) requires that we missed two subchrons. Perhaps our sample spacing was too large to capture every subchron or our sampling spans an unrecognized disconformity ( Figure 6 ).
(1) The Reunion subchron, at 2.14-2.15 Ma [Lourens et al., 2005] is commonly missed because it spans only 0.01 Myr. In our sampling scheme, the Reunion is shorter than what we would likely capture (~0.03-0.1 Myr with an average sample spacing of 20 m, see supporting information).
(2) The normal subchron during the Gauss between 3.11 and 3.21 Ma [Lourens et al., 2005] spans 0.1 Myr, which is approximately equal to what our sample spacing would, on average, capture but is short enough that it could also be missed with our spacing. The uncorrelated GPTS chrons could also be due to short depositional hiatuses that we did not recognize in the field or to missing section due to sampling errors in the field. We also present two alternative (and older) correlations of our magnetostratigraphic section to the GPTS (Figure 7 ). Both alternative correlations are consistent with the burial ages up to their maximum 2σ error and are younger than the stratigraphically lower Bieertuokuoyi magnetostratigraphic section (Figure 2 ). However, we prefer the youngest correlation for the following reasons: (1) Alternative correlation A requires that we either did not sample or did not capture one longer subchron (3.11 to 3.21 Ma). Although a single data point at~1100 m stratigraphic height may be suggestive of a polarity reversal at 3.11 to 3.21 Ma, we should have captured the subchron given our sample spacing and average sediment-accumulation rates in the region (200-1100 m/Myr [Chen et al., 2002 Sun et al., 2004; Charreau et al., 2006; Huang et al., 2006; Heermance et al., 2007; Li et al., 2012] ). With the exception of the lowermost normal magnetozone correlated to the subchron at 4.3 to 4.5 Ma, which requires unrealistically high (~2000 m/Myr) sediment-accumulation rates, alternative correlation A implies sediment-accumulation rates similar to those found in the western Tarim Basin. Alternatively, if we impose a more reasonable sediment-accumulation rate, then the correlation implies we missed another subchron at 4.3 to 4.5 Ma. Thus, we believe alternative correlation A provides a reasonable alternative correlation with the exception of missing one (or maybe two) subchrons. (2) Alternative correlation B requires that we did not sample or did not capture two short subchrons during the Gilbert (4.63 to 4.8 and 4.9 to 5 Ma). Several data points have lower VGP latitudes that may suggest we sampled near a polarity reversal, but we find it unlikely that we would have missed two normal subchrons within the densely sampled intervals between 400 and 600 m. Furthermore, alternative correlation B would require not only rapid, sudden changes in sediment-accumulation rates but also rates that are much higher (1400-1900 m/Myr during some intervals) than any previously published studies. Thus, we believe alternative correlation B is less robust than our preferred correlation and alternative correlation A.
Despite missing two subchrons in the magnetostratigraphic section, we will, henceforth, rely on our preferred correlation to the GPTS, which is a correlation bolstered by the cosmogenic burial ages. Moreover, either our preferred correlation or the alternative correlations indicate that the piggyback basin sediments are likely late Miocene to Pleistocene in age ( Figure 7 ) and provide a first-order age control.
Discussion
The Bieertuokuoyi piggyback basin provides a late Miocene-Pleistocene record of deposition and uplift on the northeastern margin of the Pamir Plateau. The magnetostratigraphy, combined with cosmogenic burial ages, provides a likely correlation of the section to the GPTS (Figure 6 ). Notably, this section is currently the only record of deformation for several structures on the NE Pamir margin. We discuss the controls on deposition in the basin and summarize the stratigraphic and magnetostratigraphic data, as well as field observations and structural mapping in the area, to determine the onset of deformation of the Pamir Frontal Thrust (PFT) and of strands (>3) of the Takegai Thrust (TT) and Kenenbieerte Thrust (KT) on the NE Pamir margin. Finally, we discuss the implications for the tectonic evolution of the NE Pamir margin and the Pamir-Tian Shan collision.
Stratigraphic Changes Within the Bieertuokuoyi Piggyback Basin: Tectonic Versus Climatic Controls
Grain size changes and accumulation rates within a basin depend on whether the deposition is controlled primarily by subsidence or supply Paola et al., 1992] . Typically, progradation of conglomerates in a supply-driven basin coincide with fast subsidence rates and/or faster sediment-accumulation rates. An increase in supply can result from climatic changes or tectonic uplift in the source area. In a subsidence-driven basin, progradation of conglomerates coincides with slower subsidence and sediment-accumulation rates. Subsidence-driven progradation typically occurs during periods of relative tectonic quiescence when erosion is outpacing crustal thickening in bounding mountain ranges.
Sediment-accumulation rate and grain size changes within the Bieertuokuoyi Basin are roughly positively correlated: slower sediment-accumulation rates (~400 m/Myr), correspond to the generally finer grained sediments in the top and middle of the basin, whereas threefold higher sediment-accumulation rates (~1250 m/Myr) correspond to conglomerates and interbedded sandstones at the base (Figure 8 ). These observations suggest the Bieertuokuoyi Basin is a supply-driven basin in which progradation and retrogradation 
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of the gravel front was driven by supply changes within the source area. Nearby sites along the NE Pamir margin Li et al., 2012] show very rapid (740~1100 m/Myr) sediment-accumulation rates for the conglomerates as well, supporting the idea that gravel progradation is supply-driven along the NE Pamir. Furthermore, we interpret stratigraphic changes within the piggyback basin section to indicate a change from proximal alluvial fan deposits to a distal braidplain system before returning to a coarser braided river facies. This succession supports an initial progradation of the gravel front, a subsequent retraction of the front, and then a final progradation.
Below we explore the available data for the region to illuminate possible primary controls on sediment deposition in the Bieertuokuoyi piggyback basin and argue that it is likely driven by both tectonics and climate. In the northeastern Pamir, extensive low-temperature thermochronologic data sets date the onset of exhumation in some of the Bieertuokuoyi basin source areas. Along the NE Pamir extensional domes, exhumation began~5-6 Ma ( Figure 1a ) [Cao et al., 2013a] or~7-8 Ma [Robinson et al., 2004] and could have driven the initial progradation of Xiyu conglomerate at the base of the basin (N x1 ) by increasing the sediment supply to the basin through erosion (Figures 9a and 9b) . High stream power and/or sediment supply would allow the Xiyu Formation to prograde farther into the basin by beveling the growing topography above the active PFT and TT (Figure 9b ).
Retraction of the gravel front, leading to fine-grained deposition within the basin between~3.0 and~1.5 Ma (Figure 9c ), may be tectonic or climatic in origin. Intensification of Northern Hemisphere glaciations around 2.5-3 Ma may have increased fluvial and glacial erosion [Raymo, 1994; Zachos et al., 2001; Zhang et al., 2001; Molnar, 2004; Willenbring and von Blanckenburg, 2010; Herman et al., 2013] . Although increased erosion would have increased the sediment supply, a colder, drier climate and aridification after~3.6 Ma and~2.6 Ma [Lu et al., 2010] may have decreased the discharge and reduced the ability of the rivers to transport large amounts of coarse sediment, thereby inhibiting progradation of the gravel front (Figure 9c ). Available thermochronologic data are equivocal and support ongoing exhumation during the Pliocene (Figure 1b ) [Cao et al., 2013a [Cao et al., , 2013b Thiede et al., 2013; Sobel et al., 2013] , but not necessarily a decrease in exhumation rates. Regardless, a reduction in sediment supply to the basin likely means that rivers draining the NE Pamir into the Bieertuokuoyi basin provided insufficient sediment to the basin to keep pace with the growing topography in the foreland, such that emergent topography above the active Pamir Frontal Thrust began to pond fine-grained sediment within the piggyback basin (Figure 9 ).
Final progradation of the Xiyu conglomerate at~1.5 Ma may have been a response to increased exhumation in the NE Pamir (Figure 9d ). Recent thermochronologic data sets [Arnaud et al., 1993; Cao et al., 2013a Cao et al., , 2013b argue for increased exhumation of the NE Pamir extensional domes since~2 Ma. Alternatively, possible thrusting along the Oytag fault, a southern splay of the Main Pamir Thrust, around~3.7 Ma (defined by a single questionable zircon (U-Th)/He age, Sobel et al. [2013] ) may also have driven tectonically controlled sediment supply in the region. However, despite progradation of the gravel front, possible increased stream power, and sediment supply, the topography above the PFT likely diverted the sediment eastward toward the Tarim Basin (Figures 9d and 9e ).
In summary, sediment supply to the Bieertuokuoyi basin was likely driven by both tectonics and climate in the source area. During increased hinterland tectonic activity, the Xiyu conglomerate prograded into the basin, whereas during enhanced aridification, the gravel front may have retracted despite ongoing exhumation, leading to steepening of proximal fans and to ponding and deposition of fine-grained sediments within the basin behind emergent topography above the PFT.
The modern piggyback basin in the hanging wall of the PFT farther east along the margin may be an analogue for the ancient Bieertuokuoyi piggyback basin (Figure 9e ). Large volumes of gravels from Late Quaternary fanglomerates draining the NE Pamir are diverted eastward toward the Tarim Basin by the growing topography above the PFT. We speculate a similar situation occurred~1-2 Ma in the Bieertuokuoyi basin.
Late Miocene to Early Pliocene Initiation of the Pamir Frontal Thrust
Field observations of growth strata, stratigraphic analysis, and magnetostratigraphy of the Bieertuokuoyi basin sediments support an interpretation that the PFT initiated during the late Miocene to early Pliocene, 5-6 Ma. Below we summarize these data:
1. The presence of a high-relief erosional unconformity at the base of the Bieertuokuoyi basin (Figures 3  and 4d ) dictates at least some uplift and erosion of the Wuqia Group occurred prior to deposition of the Xiyu Formation. Uplift of the Wuqia Group along the PFT would provide locally high relief, and the similarity of clast composition between the alluvial fan clasts and the Wuqia Group strongly supports a local source area. Alternatively, uplift along the Takegai Thrust fault zone to the south (Figures 2 and 4) , with similar Wuqia Group sandstones and siltstones in the hanging wall, could also be a local source for the proximal alluvial fan deposits. 2. The Wuqia Group and underlying Kashi Group precede growth strata. The presence of growth strata within the lower Xiyu Formation (Facies B, N x1 ) and the upper Xiyu Formation (Facies B, N x2 : Figure 2 ) near the piggyback basin's margins also indicates that the PFT was active during the deposition of the Xiyu Formation (Figures 4f and 4g) . We observe minor angular unconformities, fanning dips, and thickening beds. 3. Subsequent stratigraphic changes within the piggyback basin section suggest a change from proximal alluvial fan deposition to a distal braidplain. We interpret the thick, finer grained Plio-Pleistocene sedimentary section above the erosional unconformity and in the hanging wall of the Pamir Frontal Thrust as aggradation and ponding of sediment behind this growing structure. In addition, the rapid (1.25 mm/a) sediment-accumulation rates (Figure 8 ) of the piggyback basin deposits relative to the size of the basin load supports ponding behind the rising PFT.
Taken together, these stratigraphic and structural data support an interpretation that deposition in the Bieertuokuoyi piggyback basin occurred while the PFT was active. Magnetostratigraphy and cosmogenic burial ages date growth strata near the base of the section to~4 Ma. However, an additional 500 m of section lies below the burial sample. Extrapolating the relatively uniform sediment-accumulation rate of~1250 m/ Myr through the lower part of the section (Figure 8 ), in which the same facies dominates (facies B; Figure 3 ), indicates the very base of the section is at least~4.5 Ma, and probably closer to 5 Ma. Given an unknown amount of erosion between the initiation of the PFT and subsequent deposition of the piggyback basin, we estimate that uplift on the PFT initiated~5-6 Ma, during the latest Miocene or early Pliocene.
Deformation on the Takegai and Kenenbieerte Thrusts
Several episodes of activity are recorded on the Takegai (TT) and Kenenbieerte Thrusts (KT). Based on field observations, we interpret the Kenenbieerte Thrust to have initiated earlier than the Takegai Thrust. Because the folding and faulting observed in the Wuqia Group in the TT hanging wall is not observed in the overlying Xiyu Formation or in the Xiyu Formation in the footwall of the TT (N x2 ), an earlier deformational event on the Kenenbieerte Thrust (KTa?) or unknown smaller faults to the south of the TT must have occurred prior to local deposition of the Xiyu Formation. The absence of growth strata within the deformed Wuqia Group suggests that this deformation occurred after its Miocene deposition (Table S1 ) [Jia et al., 2004; Heermance et al., 2007] . Furthermore, although we lack an exact age constraint on the vertically dipping beds of the Xiyu Formation in the footwall of the TT (Figure 4b ), we interpret them as correlative to the Xiyu Formation (N x1 ) at the base of the piggyback basin. Thus, this deformational episode on a strand of the KT or unknown fault must be older than~4 Ma. In addition, a splay of the Kenenbieerte Thrust (KTb) places the Eo-Oligocene Bashibulake Formation over the Miocene Wuqia Group and must have initiated after the deposition of the Wuqia Group. Therefore, based on our field observations, we interpret the onset of deformation on the KT to be in the middle or late Miocene, but could be as young as the Mio-Pliocene boundary.
Deformation on the Takegai Thrust (TT) is clearly recorded by the Xiyu Formation at the top of the Bieertuokuoyi basin magnetostratigraphic section (N x2 : Figure 2 ). There, growth strata in the conglomerates can be traced to the south into the hanging wall of the TT, where they rest above an angular unconformity with the Wuqia Group (Figure 4e ). This correlation allows us to date the younger Xiyu Formation (N x2 ) above the TT to~1.5 Ma. These data indicate that at least the northernmost Takegai fault may have been active synchronously with the Pamir Frontal Thrust beginning around the Mio-Pliocene boundary and continuing until at least 1.5 Ma.
Implications for the Tectonic Evolution of the NE Pamir Margin
To date, little is known about the timing of thrusting and the northward propagation of the NE Pamir margin. Recent data sets provide considerable age information on the timing of the Kongur Shan Extensional System, the Kashgar-Yecheng Transfer System, and extensional domes within the Pamir plateau (Figure 1b ) [Robinson et al., 2004; Sobel et al., 2011 Sobel et al., , 2013 Thiede et al., 2013; Cao et al., 2013a Cao et al., , 2013b . Below we discuss the current data available for deformation on the NE Pamir margin, place our data into this context, and conclude that our data support a regional shift in the kinematics of deformation at the end of the Miocene . [Sobel and Dumitru, 1997; Bershaw et al., 2012; Cao et al., 2013b] , marking the onset of larger-scale shortening within the northern Pamir. Thrusting along the Main Pamir Thrust (MPT) initiated in either the late Oligocene or early Miocene [Sobel and Dumitru, 1997] and was likely well underway by~20 Ma [Sobel and Dumitru, 1997; Bershaw et al., 2012] based on apatite fission track, magnetostratigraphy, and detrital zircon ages. Near the southern end of our study area, we deduce that thrusting on the MPT began around the same time, although unreset Mesozoic apatite fission track and zircon (U-Th)/He ages in the hanging wall of the MPT (Figure 1b ) suggest that little exhumation (<7 km) of the hanging wall of the MPT occurred during the Miocene. Basinvergent thrusting to the south along the Tiklik fault (not shown in Figure 1a , to southeast of the Kashgar-Yecheng Transfer System) [Wang et al., 2003] and transpression along the Kumtag fault, a branch of the Kashgar-Yecheng Transfer System (Figure 1a ) [Sobel and Dumitru, 1997; Cao et al., 2013b] also support widespread shortening along the Pamir's margins. In addition, initiation of orogen-wide exhumation in the Central Pamir began 21-13 Ma [Lukens et al., 2012] or after~20 Ma [Stearns et al., 2013] . Shortening may also have been translated across the Tarim plate to the southern Tian Shan, where reactivation of major thrust faults on the southern margin began~20 Ma [Sobel et al., 2006; Heermance et al., 2008] . 6.4.2. Late Miocene-Quaternary The NE Pamir underwent a second pulse of tectonic activity that initiated in the late Miocene or early Pliocene, as recorded in the Bieertuokuoyi basin stratigraphy and structures (Figure 10 ). Our initiation age of~5-6 Ma on the Pamir Frontal Thrust is consistent with other segments along strike. Fu et al. [2010] estimated the initiation age of the easternmost PFT, near Oytag, to be~3.5 Ma, based on extrapolation of a long-term slip rate and large-scale measured offsets. In the Alai Valley in Kyrgyzstan, along the northern margin of the Pamir, the westward extension of the PFT (called the Main Pamir Thrust in that locality) initiated 4-6 Ma [Arrowsmith and Strecker, 1999] . Along the northwestern margin of the Pamir, thrusting initiated during the late Miocene to Pliocene [Pavlis et al., 1997] .
Deformation on the Takegai Thrust may have been synchronous with the PFT (4-6 Ma) but could be as young as~2 Ma, and shortening continued until at least~1.5 Ma. Despite intense deformation of the Wuqia Group in the Takegai Thrust hanging wall, the presence of undeformed Xiyu Formation unconformably above the Wuqia Group, clearly suggests pulsed deformation on the Takegai/Kenenbieerte Thrust zone. Therefore, deformation on the NE Pamir front did not step persistently outward, but rather Plio-Pleistocene deformation was distributed between both the Takegai Thrust and PFT until recently. Moreover, a single 3.7 Ma zircon (U-Th)/He age near the MPT , a new cosmogenic burial age of~3.3 Ma from possible growth strata related to the MPT [Thompson, 2013] , and field observations of growth strata within an alluvial fan overlying the~3.3 Ma strata suggest active shortening on the Main Pamir Thrust to the south. Hence, active deformation was distributed across the outer 40 km of the Pamir's NE margin until the Quaternary. Furthermore, numerous geochronologic data sets suggest a shift in the regional deformation patterns at the end of the Miocene into the early Pliocene Sobel et al., 2011] . The Kashgar-Yecheng Transfer system (KYTS) has slowed since 3-5 Ma, based on thermochronologic data across the KYTS fault system [Sobel et al., 2011] . The decrease in the slip rate of this large strike-slip system of the eastern margin of the Pamir is interpreted to reflect an increase in the northward velocity of the Tarim, suggesting increased coupling of the Tarim and Pamir domains, rather than a slow-down of the Pamir [Sobel et al., 2011] . Moreover, recent GPS data indicate little shortening now occurs along the eastern margin of the Pamir [Ischuk et al., 2013] , despite the abundant shortening structures that were active during the Paleogene and Miocene Bershaw et al., 2012] . In fact, an increase in deformation and southward migration of the Tian Shan Kashi-Atushi fold-and-thrust belt suggests the transfer of shortening across the relatively rigid Tarim Basin block into the southern Tian Shan around the same time (~4 Ma) [Heermance et al., 2008; Sobel et al., 2011] . Exhumation of domes in the northeastern Pamir began 5-8 Ma (Figure 1b) [Robinson et al., 2007 [Robinson et al., , 2010 Thiede et al., 2013] and continues to the present at fast rates (~2-5 mm/a) [Robinson et al., 2007; Thiede et al., 2013; Cao et al., 2013a Cao et al., , 2013b Sobel et al., 2013] .
North directed paleocurrents and changes in clast provenance (Figure 3 ) within the Bieertuokuoyi piggyback basin are consistent with continued exhumation and uplift of the Pamir to the south during the Pliocene and into the Quaternary. The presence of granitic and metamorphic rocks in the lower basin may represent continued rapid exhumation of the NE Pamir domes to the south of the basin Sobel et al., 2013] , whereas the abundance of limestone clasts in the upper basin are likely from modest exhumation and erosion of Paleozoic limestone along the northern margin of the Pamir. The appearance of abundant limestone clasts at~2 Ma approximately coincides with the onset of Quaternary glaciations [Raymo, 1994] and an increase in exhumation rates on the NE Pamir domes [Arnaud et al., 1993; Cao et al., 2013a] . Regardless of provenance, the N-S transport direction, coupled with the changes in clast provenance, supports continued exhumation of the NE Pamir margin through the Pliocene and into the Quaternary [Cao et al., 2013a; Sobel et al., 2013; Thiede et al., 2013] .
In conjunction with large-scale northward propagation of the thrust faults on the northern margins and the cessation of slip on the Kashgar-Yecheng Transfer System, the onset of E-W extension of the Kongur extensional system in the Pamir was accompanied by the transfer of shortening across the Tarim Basin to the southern Tian Shan and suggests a regional shift in kinematics that led to the another pulse of outward growth of the Pamir~5-6 Ma . Increased coupling between the Pamir and Tarim blocks at that time [Sobel et al., 2011] would transfer shortening northward to the Pamir frontal faults, in addition to translating shortening across the quasi-rigid Tarim block to the Tian Shan.
Coeval Thrusting on the NE Pamir Margin
Traditional conceptual models of collisional orogens argue that deformation will step sequentially and unidirectionally toward the foreland as the orogen grows, with slip on hinterland faults ceasing as new faults initiate in the foreland [Armstrong and Oriel, 1965; Dahlstrom, 1970] . Alternative models suggest that out-of-sequence faulting and deformation in the hinterland are necessary to maintain a critically tapered wedge [Davis et al., 1983; Dahlen, 1990] . In the southern Tian Shan, pulsed deformation since the early Miocene facilitated southward propagation of the thrust system (Figure 10 ) [Heermance et al., 2008] , with modest hinterland deformation, but the majority of the shortening at any given time being accommodated by structures along the frontal edge. Evidence from a Plio-Pleistocene (?) piggyback basin in the hinterland [Heermance et al., , 2008 indicates that deformation may have been distributed across the margin intermittently during the late Neogene. Currently, the majority of the deformation along the Tian Shan margin is accommodated on detachment folds along the leading margin, with slow (~1 mm/a) deformation rates on structures in the medial foreland [Heermance et al., 2008] .
Similarly, the Pamir orogen appears to have coeval thrusting on its frontal faults with deformation distributed across the margin (Figure 10 ). Although the initiation and duration of thrusting on the MPT is not well constrained, available data suggest the fault was active from~20 Ma [Sobel and Dumitru, 1997; Bershaw et al., 2012] possibly into the Quaternary Thompson, 2013] . Thrusting began on the Takegai and Kenenbieerte thrusts as early as the middle or late Miocene and continued until at least~1.5 Ma, perhaps synchronous with the MPT. Around~5-6 Ma, the Pamir deformation front migrated northward to the Pamir Frontal Thrust, synchronous with deformation on the Takegai Thrust (TT). During the Quaternary, the deformation front may be stepping northward again, manifested as fault-tip and detachment folds in the foreland initiating during the last 1.5 Myr, as significant deformation on the TT ceases Li et al., 2013; Thompson, 2013] . In contrast, in the Alai Valley, farther west along the Pamir front (Figure 1a ) deformation stepped outward during the Miocene, yet a majority of the Holocene shortening is accommodated on the Main Pamir Thrust, indicating back stepping of deformation onto more hinterland thrusts [Arrowsmith and Strecker, 1999] .
Furthermore, during the late Quaternary, shortening rates across the NE Pamir margin and NW Tarim Basin have remained relatively constant [Li et al., 2012; Thompson, 2013] , despite being accommodated on different structures. Therefore, coeval thrusting accommodated deformation on the suite of faults along the NE Pamir margin during the Miocene to the present. Distributed deformation across multiple faults and folds, back stepping of the deformation front, and hinterland deformation appear to play important roles in the growth of the Pamir orogen.
Conclusions
The Bieertuokuoyi piggyback basin in the hanging wall of the Pamir Frontal Thrust (PFT) provides a clear record of late Cenozoic deformation along the NE Pamir margin. Stratigraphic and magnetostratigraphic data, in combination with field observations and cosmogenic burial ages, show the Bieertuokuoyi basin was formed (and sediments were deposited) after the initiation of the PFT~5-6 Ma. Additionally, the basin records deformation along strands of the Takegai Thrust (TT) and Kenenbieerte Thrust (KT). At least two episodes of TT/KT deformation have occurred: one in the middle or late Miocene on the KT and a second one synchronous with slip on the PFT and continuing until~1.5 Ma on the TT. Progradation and retraction of gravels was both climatically and tectonically controlled. Retraction of the gravel front~3-1.5 Ma occurred in response to ponding behind the emergent growing topography above the PFT. Furthermore, clast provenance and paleocurrent changes throughout the basin record uplift and exhumation of the Pamir to the south [Robinson et al., 2004; Thiede et al., 2013; Cao et al., 2013b; Sobel et al., 2013] from the Pliocene to Recent.
The onset of shortening along the Main Pamir Thrust on the NE Pamir margin began in the early Miocene (~20 Ma) [Sobel and Dumitru, 1997; Bershaw et al., 2012; Cao et al., 2013b] , and deformation propagated northward to the Takegai Thrust and Pamir Frontal Thrust during the Middle Miocene to Pliocene. Coeval deformation on the Main Pamir Thrust, Kenenbieerte Thrust, Takegai Thrust, and Pamir Frontal Thrust accommodated shortening throughout the Miocene to Recent. In contrast to the more unilateral southward propagation of deformation in the Tian Shan, back-stepping and hinterland deformation appear to play an important role in accommodating shortening along the NE Pamir margin.
Our data suggest a change in the regional kinematics around the Miocene-Pliocene boundary~5-6 Ma. Rapid exhumation of NE Pamir domes, coupled with cessation of the KYTS, accelerated both a southward propagation of the Kashi fold-and-thrust belt in the Tian Shan and an outward stepping of the northeastern Pamir margin. This synchronous behavior signifies the coupling of the Pamir and Tarim blocks and the transfer of shortening north to the Pamir frontal faults and across the quasi-rigid Tarim Basin to the southern Tian Shan fold-and-thrust system.
